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Abstract
The capacity of soils to sequester carbon is currently of scientific interest because
soil management impacts carbon dioxide flux and can mitigate the effects of climate
change. Soil carbon sequestration is also essential in areas with degraded soil where land
use is primarily subsistence agriculture because of limited inputs to increase fertility and
return soil nutrients removed during crop growth. Agricultural soils under no-till
management can increase soil carbon levels compared to soils managed with traditional
tillage practices in the long-term (decades); this is hypothesized to be caused by the shortterm (i.e., seasonal) flux of carbon dioxide between the terrestrial system and the
atmosphere. In order to investigate the potential of no-till agricultural systems to increase
soil carbon in sub-Saharan Africa, micrometeorological stations were set up during the
growing season in two adjacent fields with soils classified as Phechela series (fine,
montmorillonitic, mesic Typic Pelludert). The fields were located near the village of
Maphutseng outside of Mohale’s Hoek, Lesotho (lat. -30.213, long. 27.496, 1456 m
above mean sea level). The study area is in the lowland agroecological zone of Lesotho,
with long-term mean annual precipitation of approximately 800 mm/yr occuring
primarily during the warm summer season between October and March. These stations
continuously record the environmental components necessary to complete the Bowen’s
ratio energy balance equations for the fields, of which both are cropped in maize-soybean
rotations, one under no-till management and the other plowed. Comparison of the
transfer of energy throughout the two different cropping systems over the course of the
cropping cycle may indicate the suspected superiority of no-till systems for maximizing
carbon dioxide uptake of agricultural systems over time, but further data collection is
necessary in order to establish significant trends.
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Chapter 1
Introduction and General Information

The Carbon Cycle and Climate Change
The condition of the soils in the Kingdom of Lesotho in southern Africa provides
an example of the unforeseen consequences that can result from human invention,
innovation, exploitation, and expanding populations.

Historically the area has been

inhabited by various tribes of semi-nomadic origins which may have had permanent
settlements but farmed in rotation with pasturing cattle, a system which allowed for the
natural regeneration of vegetative surface cover and soil structure between crop years.
Land management practices in Lesotho changed with the introduction of the plow in the
mid-1830s in conjunction with increasing land pressure from European immigration.
The present day kingdom is less than half of the size claimed by the native inhabitants
and is isolated in the northeastern part of the original boundaries; this area is
characterized by the increasing elevation as native inhabitants were pushed from the
fertile valleys with formerly thick soil profiles to the more marginal and significantly
more fragile soils in the foothills and highlands of the country (Showers, 2005).
This study focused specifically on the reduction of carbon dioxide (CO2)
emissions through better soil management practices. This study examined the capacity of
a soil from the Phechela series (fine, montmorillonitic, mesic Typic Pelludert) to act as a
source or sink of greenhouse gases (GHGs) through either no-till or conventional tillage
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and the potential enhancement of removals as a result of minimizing soil disturbance and
increasing soil cover. The objective of this study was to quantify benefits of no-till maize
production in terms of the net flux of CO2 into the soil over traditional methods. This
objective was achieved by using a variety of data to calculate the energy balance of the
localized climate system.
Conservation Agriculture and Climate Change
Global climate change caused in part by persistent net effluxes of CO2 and other
greenhouse gases into the atmosphere is predicted to increase the average temperature of
the earth by a matter of degrees over a matter of a few decades, although because of the
difficulties with modeling the exact figures are varied and the subject of widespread
debate. A large number of climate change models and data have been compiled by the
World Climate Research Programme Coupled Model Intercomparison Project phase 3,
and resulting multi-model data sets have projected temperature increases between 1.8 and
3.4oC by the year 2100 based on low and high estimates of radiative forcing (Meehl et al.,
2007). Despite the uncertainty of the nature and timescale of the climate changes, the
ramifications of predicted increases in global temperatures have been modeled
extensively with largely negative and often extreme implications concerning global food
production. Lobell et al (2008) point to the probability of a 25-30 percent decrease in
maize yields in Southern Africa by the year 2030 attributed to projected increases in
global temperature, variable projections concerning changes in precipitation, and
historical data correlating changes in production with temperature variation. Increasing
food production in the upcoming decades will be essential, and this food production and
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security is determined in large part by the productivity of agricultural soils, or the soil
quality.
The concept of soil quality is not clearly defined in quantifiable terms, but is
generally accepted as the summation of soil chemical, physical, and biological
characteristics that enhance the capacity to store and transmit water, resist erosion, store
and release nutrients, break down organic materials, and support plant growth. Past
research has demonstrated the benefits of conservation tillage and no-till practices in the
development of soil quality, which includes the accumulation of organic matter and
improved nutrient content and availability (Karlen et al, 2004). Conservation
agricultural practices may simultaneously enhance the capability of soils to act as carbon
sinks, slowing the breakdown of residues and maintaining soil structures that can trap
CO2 released by microbial respiration during the decomposition of organic materials.
Past research has demonstrated that long-term cultivation of soils around the world
results in the loss of soil carbon as compared to conservation practices such as reduced
tillage and the use of cover crops; however, meta-analyses of these studies indicate that
the extent to which adoption of no-till practices affects soil carbon content is strongly
correlated to climate conditions and is favored by humid tropical rather than temperate
climates (Ogle et al, 2005). It is the goal of this study to assess the improvement of soil
quality on the localized cycling of CO2, clarifying the timing, mechanisms, and shortterm impact of no-till versus conventional soil management on the soil carbon dynamics
in climate conditions that favor soil carbon sequestration under conservation agriculture.
Conservation practices have proven benefits for soils and the accompanying agricultural
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productivity, but the CO2 cycling in these systems is not well understood. Facing the
threat of rapid global climate change it is important to examine the potential of
implementing practices that increase the capacity of soils to act as a carbon sink. The
long-term increases in production and nutritional values of crops through the added
fertility and the hydraulic advantages of no-till are essential to the maintenance of the
world food supply if the severity of impending climate changes and resource limitations
approach the levels currently predicted by models.

5
Chapter 2
Literature Review
Carbon in the Environment
Carbon is the basic building block of life and is among the most abundant
elements in the universe. Carbon is constantly being transformed and transferred
between pools in the environment by a collection of processes that form the carbon cycle.
The largest pool of carbon is the lithosphere, much of which is virtually static in the
carbon cycle and can be discounted as essentially inert unless considered on a geologic
time scale because it is found in carbonate minerals; the other forms of geogenic carbon
found in the lithosphere are fossil fuels, which are much more reactive. The combustion
of these fossil fuels to harness the stored energy is the source of enormous losses from the
terrestrial carbon pool, with estimated emissions increasing from 6.4 Gt C yr-1 in 1998 to
8.3 Gt C yr-1 in 2008 (Boden et al, 2011). Cumulative CO2 emissions from fossil fuel
burning and other sources are offset by CO2 uptake occurring in the ocean and terrestrial
systems, consequently additions to the atmospheric pool are lower than emissions and
amount to approximately 3.3 Gt C yr-1 (Prentice, 2001).
Carbon in the atmospheric reservoir occurs as both CO2 and methane (CH4),
GHGs of which the increasing concentrations in the atmosphere are a driver of global
climate change. These and other GHGs are radiatively active and alter the radiation
balance of the earth through positive radiative forcing, the greater amounts of energy
from incoming radiation result in temperature increases (Ramaswamy et al, 2001). The
further development of alternative energy sources may reduce the rate of depletion of the
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terrestrial carbon pool and consequent GHG emissions, and altering the level of dissolved
CO2 saturation of the oceans to make them a more effective sink are being investigated as
possibilities to balance atmospheric levels and mitigate climate change (Smith et al,
2007). All of the reservoirs in the cycle can act as both sources and sinks of carbon. The
complex chemistry of the oceans and the persistent human dependence on fossil fuel
suggest it is possible that more success can be found in tipping the balance through
manipulating the distribution of carbon in the biosphere and in the soil reservoir.
The biosphere is comprised of all living things and nonliving biological
organisms that are not a part of the soil reservoir, through decomposition. The soil
reservoir, or soil organic carbon (SOC), includes gaseous carbon trapped in soil pores,
soil organic matter (SOM), and nearly all subsurface biomass such as plant roots,
microbes, and fungi. The two basic constituents of SOM are non-humic substances and
humic substances. Non-humic materials are compounds with a chemically recognizable
source resulting from decomposition of dead tissues and chemical byproducts, while
humic substances are complex organic compounds resulting from biodegradation but
have no chemically discernable origin. The SOC content is the summation of the
molecular carbon fraction of all the components in the soil reservoir (Juma, 1994). The
total carbon held in the soil reservoir is estimated to be 1500 Gt (Schlesinger, 2000).
Carbon Cycling and Agriculture
The cycling of carbon between the atmosphere, biosphere, and SOC pools in most
agricultural settings follow seasonal or annual patterns in most climates accompanying
the rhythm of plant growth and decay. Growing season processes are dominated by plant

7
uptake of atmospheric CO2 and subsequent conversion of carbon to organic compounds
found in plant tissues. Microbial processes such as immobilization are also stimulated
during the growing season by additional moisture and higher temperatures, meaning that
the type and abundance of vegetation is crucial to whether there is net influx or efflux of
CO2 in the rainy season (Bijayalaxmi Devi and Yadava, 2009). During dry winter
seasons when photosynthesis rates are low, decomposition processes dominate the
transfer of carbon, particularly microbial respiration. During this period aerobic
microorganisms use oxygen (O2) as a terminal electron acceptor during the oxidation of
carbohydrates and other organic compounds, which results in the release of energy for
use by the organism and CO2 into the atmosphere and soil pore space as a byproduct
(Juma, 1998). In forests and most other natural ecosystems, this rhythm results in the
terrestrial environment acting as either carbon neutral or as a carbon sink, although the
magnitude of sequestration varies by ecosystem and is often low, with carbon
sequestration occurring in the very long term (Saigusa et al, 2002). In forests this results
mainly from the relatively long life cycle of trees and associated lifetime uptake of CO2,
this is complemented by very slow decomposition rates because residues stay on the soil
surface and woody materials are more difficult to decompose than the sugars dominating
the organic chemistry of herbaceous plants (Sedjo et al, 1995).
Changes in land use management from natural ecosystems to agricultural systems
results in substantial emissions of CO2 followed by prolonged loss of SOC over years of
nutrient harvest (USEPA, 2006a). Agricultural lands, which include cropland,
pastureland, and arable land, cover 37 percent of the earth’s terrestrial surface and when
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considered as a whole are a source of CO2 as well as other GHGs. These lands are
responsible for more than half of anthropogenic GHG emissions of both CH4 and N2O
(Smith, 2001). Levels of CO2 efflux from cultivated lands is a much smaller percentage
of anthropogenic emissions at only an estimated <1percent (USEPA, 2006b) which may
appear to be an insignificant figure compared to the magnitude of anthropogenic
emissions from fossil fuel combustion. Nonetheless, accepting the possibility that
agricultural lands could act as a sink for carbon sequestration rather than a source of 7.6
Gt CO2 yr-1, it is only practical to explore means by which sequestration can commence
or improve (USEPA, 2006b). This is especially important in regions where the main
source of CO2 emissions is agriculture or land-use changes; this includes Africa, where
48 percent of emissions between 2000 and 2005 were the result of land use changes,
accounting for 17 percent of global land-use change related emissions (Canadell et al,
2009).
Agricultural lands reportedly have the potential to offset GHG emissions of levels
between 5.5 and 6 Gt CO2-eq. yr-1, or one tenth of total anthropogenic emissions (Smith
et al, 2001, USEPA, 2006a). Much of this potential lies in the agricultural practices of
developing countries, with the mitigation potential of sub-Saharan Africa estimated at 0.9
Gt CO2-eq. yr-1 by the year 2030 (Smith et al, 2007). This opportunity for the agricultural
mitigation of climate change has been suggested to be achievable via three types of
management activity: the reduction of emissions, the avoidance/displacement of
emissions, and the enhancement of GHG removals in agricultural systems (Smith et al,
2001). The range of specific techniques for reducing or offsetting emissions from
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agricultural lands is extremely broad because agricultural emissions encompass
everything from the fuel combustion used for running machinery to the volatilization of
fertilizers to the release of bovine intestinal gases; however, the mitigation potential from
soil C-sequestration alone is estimated to account for 89 percent of potential worldwide
agricultural mitigation (Smith, 2007). A full assessment of the advantages of no-till
agriculture over traditional methods through differences in the distribution of carbon in
its long-term environmental cycling would require identification and tracking of the
movements of individual isotopes throughout every stage of the carbon cycle; this
information could yield exact figures for the transfer of carbon in storage terms, but
would be at present a cost-prohibitive task. No-till management of agricultural lands is
expected to increase the levels of soil organic carbon and decrease the net flux of CO2
from soil into the atmosphere that results from the decomposition of organic residues by
microorganisms. Changes in the levels of soil organic carbon are difficult to detect in the
short term and can be unreliable, but short-term CO2 flux data may indicate trends
affecting soil organic carbon that will be measurable in the long term. Important
constituents of the localized carbon cycle and changes in sequestration can be evaluated
through the acquisition of climatic, vegetative, and soils data in isolated study areas over
short periods of time, particularly over 24 hour periods and at key points during the
seasons of vegetative growth and quiescence.
Agriculture and Climate Change
Conservation tillage is defined by the presence of at least 30 percent residue cover
on the soil surface after planting (CTIC, 1984). No-till is a type of conservation tillage
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that is also defined by the absence of soil disturbance between harvest and the next
growing season and a width of disturbance from planting between 2-7 cm over the row.
No-till land management practices have a theoretical advantage over conventional
methods in an emissions reduction scheme in part because the use of tillage machinery
alone has been reported to contribute between 0.1 and 0.16 t CO2-eq. ha-1 yr-1 depending
on the extent of cultivation (CTIC, 1984, West and Marland, 2003). Emissions
reductions are also thought to be the result of the minimal soil disturbance from no-till
cultivation, which both forestalls the release of CO2 accumulated within pores of the soil
structure and precludes the stimulation of rapid SOC breakdown from microbial
respiration following exposure of soil aggregates to oxygen (Peterson et al, 1998).
Carbon tracing studies have found that no-till management also influences the rate of
residue breakdown through the increased soil aggregation, particularly the formation of
microaggregates within macroaggregates that is not possible under the regular soil
disturbance of conventional tillage systems. The residence time of soil carbon was found
to be higher in microaggregates, and the high turnover rate suggested by ratio of recent to
older carbon inputs increasing with increasing aggregate size supports the hypothesis that
the structural development and processes of residue incorporation and breakdown in soils
under no-till management promote stabilization and sequestration of soil carbon (Six et
al, 2000; Jastrow et al, 1996).
Conventional tillage practices disrupt the formation of soil aggregates and
stabilization of carbon through routine disturbance and exposure. Carbon losses
following soil disturbance by tillage of between 0.3 and 1.2 t CO2 ha-1 day-1 were
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observed from a Houston Black clay (fine montmorillonitic thermic Udic Pellusterts) in
an area with temperature extremes of 1.6 and 30.1oC and annual precipitation of 909 mm
yr-1 evenly distributed throughout the cold winter and warm summer seasons. Coastal
bermudagress with a 30 year no-till history, sorghum under more than 30 years of
continuous cultivation, and a no-till sorghum cropping system that had been plowed until
4 years before initiation of the study were analyzed for CO2 fluxes on undisturbed
portions of each field and following plowing with chisel and moldboard plows in other
areas (Reicosky et al, 1997). No-till agriculture has been proven to slow the
decomposition of plant residues by reducing the degree of incorporation into the soil,
suppressing soil respiration rates so that biomass is broken down slowly, increasing the
relative amount of carbon left in residues and thus the pool of SOC in the long term
(Smith et al, 1997).
There has been some experimentation attempting to model the emissions
reductions from conversion of conventionally tilled farmlands to no-till; however, the
results of these studies have been largely inconclusive. Examining the effects of
conservation tillage and no-till systems on the accumulation of SOC is difficult because
any changes occur over an extended time-scale, so that short-term differences may be
slight. There has also been debate concerning the appropriate sampling depth(s) for
measurement. It has been postulated that conversion of all agricultural lands to
conservation tillage worldwide could result in the sequestration of 25 Gt C over the next
50 years (Baker et al, 2007). Data reported by Smith and colleagues (2007) suggest that
residue management can result in the sequestration of -0.7 to 1.8 t CO2-eq. ha-1 yr -1
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depending on the climate. Examining changes in carbon levels at different depths in the
soil profile, VandenBygaart et al (2003) found increases of SOC above and decreases
below the upper 30 cm, indicating that there may be no change in the overall levels of
SOC. The carbon sequestration potential was also brought into question by Gregorich et
al (2005) who found that while SOC increased in the upper soil profile the no-till fields
were still carbon neutral. One study even resulted in the observed loss of carbon from the
no-till fields, although the rate of loss was still less than that of the plowed fields
(Valzano et al, 2005). The benefits of conversion to no-till farming in terms of carbon
sequestration may also hinge on the initial levels of SOC, with changes in SOC being
inversely related to the original SOC content (i.e. the lower the starting SOC, the larger
the observed changes over time) (Valzano et al, 2005, VandenBygaart et al, 2003, West
and Six, 2007)
More extensive analyses of the SOC concentration and distribution throughout the
soil profile were conducted in two different compilations of long-term (minimum of 5
years) studies from a wide range of agroecosystems and on differently textured soils that
compare SOC levels under conventional tillage and after conversion to no-till. The first
data synthesis reported data from 23 studies comparing no-till and full inversion tillage
treatments on cereal and legume cropping systems. Average plowing depths of 23 cm for
the tillage treatments, and soil profiles were sampled at various intervals from the soil
surface to depths of between 15 and 100cm for SOC analysis. Nearly all of the reviewed
studies exhibited levels of SOC statistically higher than the tillage treatments in the upper
10-15cm or less of soil, with only three studies reporting higher levels of SOC below 30
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cm in the no-till treatments. Conversely, all but four of the studies reported significantly
higher levels of SOC below 15cm in the full inversion tillage treatments compared to the
no-till. The depths at which tillage treatments exhibited higher levels of SOC correspond
to the depth of disturbance from plowing, and it is likely that over time these levels
would decrease through continuing decomposition processes; however, this analysis
indicates that advantages of no-till over conventional methods in terms of carbon
sequestration are unlikely to be evident throughout the entire soil profile in a matter of a
few years (Angers and Eriksen-Hamel, 2008).
The delayed evidence of no-till benefits in terms of SOC was more favored by the
second multiple study analysis, which compared data from 67 different long-term
experiments and also SOC levels increasingly significantly within the upper 15cm of soil
in no-till plots, but with no significant change at lower depths in favor of no-till or
conventional tillage. Based on comparisons of SOC content between 93 paired no-till
and conventional tillage treatments, the benefits of conversion to no-till in terms of
carbon sequestration averaged 1.8 ± 0.5 t CO2-eq. ha-1 yr-1; when ignoring negative
values resulting from converting from conventional wheat with a fallow period to
conservation tillage, the average C-sequestration potential of switching to no-till becomes
2.1 ± 0.5 t CO2-eq. ha-1 yr-1 (West and Post, 2002).
Briefly looking beyond the scope of the carbon cycle and this study alone, it is
important to recognize that the mitigation potential of no-till agriculture becomes less
clear when the other primary GHGs produced by agricultural processes are considered. A
study done in the United States suggests conversion of farmlands within the US has the
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potential to decrease the flux of CO2 into the atmosphere by 340 kg C ha-1 yr-1 (Marland
et al, 2003); however, the researchers also reported that after undergoing a switch from
conventional tillage practices to no-tillage practices, soils were found to have a change in
N2O emissions of 7 ± 15 percent, with 2.66 ± 1.33 kg C-eq. generated for each kg of N
fertilizer applied. In a similar study assessing the benefits of conversion to no-till
agriculture regarding GHG emissions the researchers concluded that although the switch
to no-till increased the soil organic carbon levels, it also increased the flux of N2O at
levels that nullify the benefits from C sequestration, offsetting 75-310 percent of the
emissions benefits from the additional SOC (Li et al, 2005). The effects of agricultural
practices and land use changes on the emissions levels of N2O and CH4 are of particular
interest because although they account for only two and nine percent of agricultural
mitigation potential worldwide (Smith et al, 2007), the global warming potential of these
gases exceeds that of CO2, with CH4 and N2O having 3.7 and 180 times the global
warming potential (GWP) of CO2 on a molar basis, respectively (Lashof & Ahuja, 1990).
The long-term effects of no-till adoption and tillage on cumulative GWP from CO2, N2O,
and CH4 in humid and dry climates was modeled on data collected for periods of up to 20
years from studies with long-term tillage and converted no-tillage plots. In humid
climates the conversion to no-till resulted in net CO2 emissions reductions within the first
5 years, while in dry climates additional CO2 emissions were not observed until 20 years
after conversion, which may result from rates of residue incorporation in the absence of
tillage, particularly because CO2 estimates were calculated from measured SOC contents.
N2O emissions were observed to be higher in no-till fields under both climate regimes
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until after a minimum of 10 years, and were never lower than tillage treatments in dry
climates. The combination of these factors led to calculations of greater GWP in humid
climate no-till systems for the first 5 years after conversion, and for the first 10 years
after conversion to no-till in dry climates (Six et al., 2004).
Determination of the effects of discrete variables are difficult because so many
factors can influence the sequestration of carbon other than the type (and depth) of
tillage, including soil type, climate, residue quality and inputs, microorganism diversity
and populations, soil macroorganism diversity and populations, diversity and density of
above-ground biomass, texture, soil temperature, land-management history, landscape
position, erosion and deposition history, and hydrology. While factors such as climate,
landscape position, and texture will not be affected by no-till cultivation, it is a popular
method because it has proven effects on the infiltration, erodibility, hydraulic
conductivity, cation exchange capacity (CEC), temperature, and the abundance and
diversity of both micro- and macroorganisms (Angers et al, 1997, Allmaras and Dowdy,
1985, Campbell et al, 1996, Eve et al, 2002, Gregorich et al 2005, Ugalde et al, 2007,
Valzano et al, 2005, VandenBygaart, et al, 2003).
Energy Balance
The carbon cycle represents the transfer of energy and matter throughout several
open systems, which by nature complicates attempts to calculate the overall budget and
the balances between individual reservoirs. The difficulties in measuring changes in SOC
over months and years rather than decades, as well as the variability of carbon levels at
different depths steers the search for means of determining potential soil carbon
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sequestration using other methods. The Bowen ratio –energy balance (BREB) equation
is favored for calculating the transfer of energy in an open system such as the carbon
cycle. Bowen derived the mathematical equations in order to describe the relationship
between localized diffusion of heat away from a large, insulated water body and
evaporation (Bowen, 1926).
The BREB equation has since been used to study the transfer of energy
throughout a variety of fluid systems and has been adapted alongside eddy covariance
(EC) techniques in recent years to calculate fluxes of CO2 in a localized environment
(Desjardins et al, 1974, Fritschen, 1966, Hernandez-Ramirez et al, 2009, Malek and
Bingham, 1993, Wesely et al, 1978). This is possible because the BREB calculations are
a mathematical simplification of a complex system in which evaporation, transpiration,
and soil respiration all play a part in the cycling of energy and carbon.
The concept behind using Bowen ratios (β) to determine CO2 exchange between
the atmosphere and terrestrial environment is the same used in slightly more complicated
EC techniques. Air temperature, relative humidity, air and vapor pressure, CO2
concentration above the canopy, net radiation, soil moisture, soil temperature, soil heat
flux, and wind speed are all measured in order to calculate the ecosystem β, with wind
direction being incorporated into EC calculations. Wind direction is measured in EC
systems because of the influence it has on the pattern of distribution and exchange of
trace gases between the surface and atmosphere. However, the cost of the additional
components required for EC as opposed to BREB systems exceeds the benefits of more
extensive information for the purposes of this project, wherein the discrete source of CO2
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within the landscape is less crucial than the overall trend of exchange (specifically
whether it is net efflux or sequestration).

Many researchers have also measured the leaf

area index (LAI), photosynthetic active radiation (PAR), and plant biomass in attempts to
further close the energy balance equation. The expected relationship between vegetative
growth and net flux of CO2 over the course of the growing season exists across a wide
range of climates and soil types, with CO2 uptake by the terrestrial system being highest
at the stages of maximum vegetative growth for plant species across the world. Soil
moisture has also been found to have impacts on the net ecosystem exchange (NEE) of
CO2, with spikes in CO2 production occurring directly following precipitation events.
Studies reviewed by So et al (2001) performed in Australia detected CO2 releases of 2.2 t
CO2 ha-1 from a tilled field and 0.3 t CO2 ha-1 from a no-till field on a sandy loam
classified as a moist Sodosol during a four day period following a precipitation event,
while on a moist Vertosol the releases from the tilled and no-till sites were 0.4 and 0.2 t
CO2 ha-1, respectively. Since the CO2 flux measured by BREB techniques varies with
environmental factors, it can be expected that the energy balance of a no-till maize field
in Australia, Canada, or the United States will be different from that in Africa. With that
in mind, data from across a variety of climates and vegetation types can be useful as
comparisons, just as considering the results from African studies, maize studies, and
tillage studies may help determine the specific benefit of carbon sequestration by soils
under no-till maize in Lesotho.
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CO2 Flux in Africa
The South African Regional Science Initiative (SAFARI 2000) has reported
findings on the patterns of CO2 flux using data collected from stations installed across
terrestrial transects of an area within a semi-closed atmospheric circulation pattern over
southern Africa. The findings of SAFARI 2000 are reported separately as dry season and
wet season campaigns to better illustrate the seasonality of carbon exchange and to help
isolate factors associated with environmental phenomena, including the observed buildup
of tropospheric ozone over the area in spring. Data measurements were taken at varying
spatial scales by stations in transects of 1000 m across the Kalahari Basin spanning a
large rainfall gradient and with large differences in land use. Flux towers were set up at 4
sites transecting Botswana, a fifth site in southeast Zambia, and a sixth in northwest
South Africa. Flux towers were set at heights of 21 and 30m above ground surface to
monitor exchange above vegetation canopies of ranging from savanna to woodlands in
locations with significant differences in elevation and climate, with average rainfall in the
study area spanning averages of 200-1000 mm yr-1 (Otter et al, 2002). The trends in
carbon exchange over these tracts will help to pinpoint the balancing role of discrete
agricultural areas in Lesotho by comparing local [field] data with regional trends.
The climate of southern Africa has caused difficulties in previous research of
carbon flux modeling because of the extreme variation in moisture conditions during the
rainy season, which is marked by sporadic and intense rainfall events punctuating long
dry periods. Soil moisture conditions and evapotranspiration (ET) in a mixed-forest and
a savanna site were observed in correlation with carbon exchange over the course of
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several precipitation and dry-down cycles in Botswana, and findings indicate that the
prediction of CO2 exchange using these measurements is better for a mixed woodland
site. Plant water uptake and leaf-scale ET measurements show higher accuracy of CO2
exchange prediction with a woodland vegetative canopy, most likely caused at least in
part by the increased water uptake of trees with deeper root systems than grassland
vegetation and the relative scales of vegetative growth. These predictions would then be
even more difficult to calculate with any accuracy for maize crops and any agricultural
system that throughout the season has spans of both vegetative growth and subsequent
removal. Williams and Albertson (2004) examined the relationship of soil moisture to
the productivity and vegetative composition and resulting water and carbon fluxes in a
mixed woody and herbaceous savanna in Botswana at the end of the growing season
(March-April). The researchers did the experiment based on the hypothesis that due to
the control of soil moisture on ET and the relationship of soil moisture and matric
potential, measured soil water and the water use efficiency of vegetation can allow for an
estimate of carbon gained based on the amount of water lost. Measurements were
averaged over 30 minute intervals. The maximum CO2 uptake rates observed were 11.6
to 2.3 µmol CO2 m-2 s-1 (Williams and Albertson, 2004).
The expected variability for an agricultural season in southern Africa is supported
by research that further investigated seasonal variability of carbon exchange in a similar
semi-arid region characterized by mopane woodland and savanna vegetation. The study
area has an average annual rainfall of 464 mm occurring from December to March. The
findings of study include spikes of CO2 release early in the wet season coupled with the
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dominance of respiration in the CO2 balance well into the rainy season; the net carbon
uptake of the system, however, was 1 mol m-2 yr-1 due to the differences in exchange
values: CO2 was released by respiration at a rate between 3-5 µmol m -2 s-1 throughout the
year, but at the maximum leaf canopy development photosynthesis accounted for an
uptake rate reaching 10 µmol m -2 s-1 (Veenendaal et al, 2004).
Angell and colleagues compared the values of CO2 flux obtained from two
different methods of measurement: BREB and closed chamber (CC) techniques .
Measured flux was comparable between the two methods throughout most of the
experiment, with greater variation observed during periods of low soil moisture. The
sagebrush steppe ecosystem was observed over 24 hr periods throughout the growing
season and found to have a maximum CO2 uptake rate of 11.6 µmol CO2 m-2 s-1. The
study areas had low average rainfall (<300 mm yr-1) and mean annual temperatures of
8oC on mollic sandy loam soils. Closed chamber measurements were made using a LICOR 6200 on 13 permanent 1m2 plots and recorded CO2 concentration, radiation, leaf
temperature, and air temperature. These researchers used a Campbell Scientific BR
system that recorded and averaged measurements over 20 minute intervals at 10 and 110
cm above the canopy. The greatest variability between measurements was observed at
the peak of the growing season, when CO2 assimilation peaked at 4.5 and 6.8 µmol m-2 s1

(sagebrush steppe ecosystems are relatively unproductive compared to others). This

occurred when soil moisture was near field capacity. Nighttime respiration fluxes were
1.1 to 2.2 µmol m-2 s-1 throughout the growing period (Angell et al, 2001).
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CO2 Flux in Maize
Maize, a popular staple crop in Lesotho and worldwide, has been studied in terms
of BREB in various climate zones found mostly throughout the United States and
Canada. From these studies relationships have been drawn between soil moisture and net
ecosystem exchange (NEE) using data from irrigated and rainfed cropping systems. A
study by Suyker et al (2004) on the NEE of CO2 in maize crops under two different water
management techniques was conducted over the course of one growing season using EC
measurements. Irrigated maize crops were found to have maximum CO2 flux density
(Fc) values of 56.7 µmol m-2 s-1 and the rain-fed maize was observed to have maximum
flux of 47.6 µmol m-2 s-1. The maximum flux values (with a negative Fc indicating
influx and a positive indicating efflux) occurred in the middle of the vegetative period
(V11-V13). NEE peaked at tasseling as well and decreased during later reproductive
stages. NEE values measured at nighttime increased over the course of the experiment,
and were sensitive to both soil temperatures and soil moisture stress. This study
correlated fluxes with the leaf area index (LAI) of the maize. Low soil moisture was
found to have a negative effect on NEE and LAI in the study. The NEE were also used to
estimate the gross primary productivity (GPP) of the systems, which were found to have
maximum GPP of 546 and 592 µmol C m-2 day-1. The sites used in the Suyker et al
(2004) experiments had different tillage histories, with one having been in no-till
continuously for 10 years under a maize-soybean rotation, and the other a tilled field with
a cropping history of wheat, soybeans, oats, and maize. The fields were disked prior to
initiation of the study and planting in Bt maize at 62,000 and 84,000 plants ha-1. The
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soils at the experiment sites are deep silty clay loams. Both fields were fertilized with
nitrogen at rates of 140 and 162 kg ha-1 (Suyker et al, 2004).
Soil carbon sequestration is governed largely by the vegetation, and the crop
response to environmental conditions such as photosynthetic active radiation (PAR) and
soil moisture to increase photosynthetic production and thus CO2 uptake. Baldocchi
(1994) suggests that because maize utilizes an open C4 photosynthetic pathway that it is
chemically limited in its response time to increases in photosynthetic active radiation
when observing that the maximum CO2 uptake by maize of 34 µmol m-2 s-1 at a study site
in Oregon was significantly lower than the 45 µmol m-2 s-1 by wheat, which uses the C3
photosynethic pathway. This additional response time to environmental conditions may
have an effect on the CO2 flux of maize crops in areas such as the site at Lesotho, where
there can be highly variable cloud cover throughout the growing season because it is also
the wet season.
A similar study investigated the response of the same two types of crops to
climatic conditions in "unmodified field environments" such as those in Lesotho however, the area of primary concern in that study was Ontario. The data were collected
over a period of two months at the very end of the growing season (August and
September) with BREB systems taking measurements at 0.5 and 1.5 m above the canopy
surface and a minimum fetch of 150m in the direction of the prevailing wind. Flux
density decreased above maize from -25 µmol m-2s-1 with sparse cover to -57 µmol m-2s-1
with complete cover. When the maize canopy had completely developed, the daytime
CO2 flux density measured -41 µmol m-2s-1 on average. The CO2 flux densities displayed
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high variance during the daytime, and temperature was found to have a drastic effect on
the Fc above maize during initial cold fronts at the end of August, with cooler nighttime
temperatures resulting in a decrease of daytime CO2 flux, supporting the observation that
plants utilizing the C4 pathway respond to environmental changes more slowly than C3
plants. This was further supported by the recovery of photosynthetic production and the
increasing flux density levels as cold weather continued throughout September (McGinn
and King, 1990).
Maize-maize and maize-soybean rotations under conservation tillage reported
much higher respiration values, with the systems showing maximum daily fluxes of 57.7
µmol m-2 h-1 and averaging annual emissions between 4.6 and 10.2 Mt CO2-C ha-1. The
study took place in Nebraska under recommended best management and intensive
cultivation, where the intensive cultivation treatments for each rotation were planted at
higher plant population densities and received additional fertilizer inputs. Despite the
fact that the cropping systems were net sources of CO2, the maize-maize cropping system
was observed to have increased SOC averaging between 200-300 g C/m2 over the course
of the six year study. The systems also exhibited N2O efflux into the atmosphere, making
these systems strong sources of GHG emissions despite a slight net influx of carbon as
CH4 (Adviento-Borbe et al, 2007).
Baker and Griffis (2005) compared the effects of strip tillage as a conservation
tillage treatment with conventional tillage as well as the effects of a spring cover crop of
oats with a spring fallow on the carbon flux in a maize-soybean rotational cropping
system over the course of two growing seasons. The findings of this study were similar
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to that of Adviento-Borbe and colleagues with each system being a net source of CO2
over the course of the study, although CO2 efflux from respiration was lower in the
conservation tillage treatment at the end of the growth season. The EC technique was
used in this study and it was determined that there was a net loss of SOC over the course
of the two growing seasons of approximately 90 g C m-2 for all treatments.
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Chapter 3
Materials and Methods
Site Description
The ongoing energy balance study is located in sub-equatorial Africa at
Maphutseng near the town of Mohale’s Hoek, Lesotho (lat. -30.213, long. 27.496,
1456 m above mean sea level). The study area is in the lowland agroecological zone of
Lesotho on the border with the foothills and highlands of the country. Mean annual
precipitation reported at Maseru, Lesotho, is approximately 800 mm yr-1, rainfall recorded
at Maphutseng during the study period was significantly higher (Figure 1). Precipitation
occurs mostly during the warm summer season from October to March, with some snow
during the cold winter season and extreme weather conditions such as high winds and
hail occurring throughout the year (Table 1, Table 2, Table 3, Table 4, Table 5). The
study site consists of two fields; a no-till field of approximately 5 ha planted in a no-till
maize cropping system for one growing season before the beginning of the study, and a
field of approximately 2.5 ha with a long-term history of plow tillage that was plowed
and planted to maize at the initiation of the study. The no-till field was planted using the
Likoti, or “pothole” method between 26 Nov 2010 and 3 Dec 2010, and the tilled field
was prepared using conventional tillage and planted by tractor on 4 Dec 2010. Interrow
spacing in the no-till field was 75 cm between potholes containing two seeds, and row
spacing was 90 cm except for in a portion of the field dedicated to a plant population
density study, other than in that trial plant population densities were approximately
26,900 plants ha-1.
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Figure 1. Monthly precipitation totals measured at Maphutseng between October 23,
2010 and December 9, 2011.
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Table 1. Mean monthly climate conditions estimated from data collected from the no-till
maize field at Maphutseng, Lesotho during the 2010 collection year.
Monthly averages*
No-till field
Air temperature (degC)
Soil temperature (degC)
Atmospheric pressure (kPa)
Ambient CO2 (ppm)
Relative humidity (%)
Net radiation (W/m)
Soil heat flux (W/m)
*Estimated based on available data

Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night

2010
November December
25.96
29.37
19.73
17.85
26.55
22.71
22.12
18.99
84.76
84.36
84.55
84.81
410.13
408.67
401.75
423.94
0.39
0.33
0.69
0.64
397.02
405.25
-14.23
-46.01
50.75
61.38
-22.97
-34.74
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Table 2. Mean monthly climate conditions estimated from data collected from the no-till maize field at Maphutseng,
Lesotho during the 2011 collection year.
Monthly averages*
No-till field
Day
Night
Day
Soil temperature ( oC)
Night
Day
Atmospheric pressure (kPa)
Night
Day
Ambient CO2 (ppm)
Night
Day
Relative humidity (%)
Night
Day
Net radiation (W m-2)
Night
Day
Soil heat flux (W m-2)
Night
*Estimated based on available data
Air temperature (oC)

January February March August
20.81
24.97
26.28 30.58
18.89
20.70 23.00
11.74
23.26
21.60 22.92
13.44
20.08
20.01 21.23
11.19
85.66
84.83
85.09 85.01
84.89
85.11 85.06
85.71
399.56
401.45 408.40 419.61
435.90
445.64 459.27 426.42
0.40
0.36
0.60
0.58
0.81
0.82
0.72
0.59
350.78
356.61 445.29 293.69
-26.88
-24.35 -38.87 -30.54
24.10
21.19
14.15 22.89
-29.56
-15.65
-8.42
-6.84

2011
September October November December
20.92
23.97
25.35
25.53
11.52
15.98
16.58
18.98
15.45
17.38
19.64
21.39
13.72
15.94
18.54
18.92
85.32
84.95
84.89
84.98
85.39
85.02
84.96
85.00
418.05 417.82
399.87
390.14
423.28 430.27
406.82
397.19
0.26
0.28
0.26
0.37
0.46
0.50
0.45
0.59
325.15 346.70
340.21
237.53
-34.56
-27.27
-26.60
-30.59
5.71
3.88
4.50
11.58
-0.92
-1.73
-2.08
-4.84
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Table 3. Mean monthly climate conditions estimated from data collected from the no-till
maize field at Maphutseng, Lesotho during the 2012 collection year.
Monthly averages*
No-till field
Air temperature (oC)
Soil temperature (oC)
Atmospheric pressure (kPa)
Ambient CO2 (ppm)
Relative humidity (%)
Net radiation (W m-2)
Soil heat flux (W m-2)

Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night

*Estimated based on available data

2012
March
25.36
18.25
19.86
19.22
85.03
85.10
374.34
407.70
0.48
0.73
346.58
-30.32
1.73
-7.69
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Table 4. Mean monthly climate conditions estimated from data collected from the conventional maize field at Maphutseng, Lesotho
during the 2011 collection year.
Monthly averages*
Conventional field
Air temperature (oC)
Soil temperature (oC)
Ambient CO2 (ppm)
Relative humidity (%)
Net radiation (W m-2)
Soil heat flux (W m-2)
*Estimated based on available data

Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night

February
31.10
22.47
20.76
21.75
412.57
473.38
0.52
0.73
465.99
-57.79
32.66
-14.77

March
34.00
23.78
24.82
20.82
337.03
347.92
0.48
0.77
337.03
347.92
53.53
4.79

May
24.56
16.39
13.63
11.17
452.34
448.18
0.45
0.73
274.22
-43.38
12.96
-13.62

June
18.99
4.16
5.68
6.49
361.63
372.48
0.49
0.88
223.50
-51.80
-26.21
-23.24

2011
August September October November December
29.58
30.24
27.51
35.61
35.47
16.77
17.08
27.43
25.40
26.37
12.61
13.17
18.98
20.09
15.73
11.20
14.93
20.28
21.36
17.75
358.34
241.10 382.45
400.56
400.15
431.22
324.44 453.40
407.41
415.76
0.31
0.26
0.22
0.32
0.37
0.55
0.52
0.37
0.53
0.68
268.68
299.43 316.42
346.27
408.62
-54.35
-58.16
-54.99
-56.74
-66.25
23.28
10.25
9.86
1.53
0.02
-9.09
-2.19
-1.01
-4.02
-10.29
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Table 5. Mean monthly climate conditions estimated from data collected from the
conventional maize field at Maphutseng, Lesotho during the 2012 collection year.
Monthly averages*
Conventional field
Air temperature (oC)
Soil temperature (oC)
Ambient CO2 (ppm)
Relative humidity (%)
Net radiation (W m-2)
Soil heat flux (W m-2)

Day
Night
Day
Night
Day
Night
Day
Night
Day
Night
Day
Night

*Estimated based on available data

2012
January
March
April
38.69
31.92
40.47
32.73
29.06
21.06
23.22
25.26
16.65
24.60
22.71
15.97
389.47
394.35
385.06
400.93
412.23
421.64
0.44
0.42
0.41
0.65
0.67
0.74
333.74
271.83
357.94
-51.44
-56.61
-59.68
2.57
15.03
8.98
-4.94
-11.96
-14.70
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The monitoring structure was put into place in the no-till field (NT) in the early
wet season on 22 Nov 2010, and a second monitoring structure was placed in the plowed
field (CT) towards the end of the same wet season on 24 Feb 2011. Each structure is
centrally located within its respective field and has a minimum fetch of 100 m in all
directions. Data analyzed in this paper were collected between 22 Nov 2010 and 24 Oct
2011; the monitoring structures remain in place and will take data continuously for at
least two additional growing seasons.
Micrometeorological Units
The monitoring structures used in this project are identical micrometeorological
systems capable of continuous data collection over extended periods of time with as long
as two weeks between servicing and data retrieval. This allows dynamics of ecosystem
fluxes to be observed, which is important in observing net flux over the daily cycling of
conditions and correlations of cycling behavior to systemic weather patterns and
conditions. Each Bowen Ratio unit (BR unit) consists of a central tripod onto which is
mounted a rotating arm 1.5 m in length with shielded peripheral sensors oriented North
(in the direction of the prevailing wind) connected to a Campbell Scientific CR23X
datalogger, and a motor controlling the arm (Figure 2). The CR23X is also connected to
a separately mounted 50W solar panel in combination with a 12V deep cycle battery that
supplies the power to the BR unit. The BR unit as a system has a relatively high power
demand that does not tolerate a power supply of less than 11V, and the solar panels were
unable to maintain sufficient charge on the batteries during periods of low incoming
radiation; this resulted in power failures causing the loss of approximately 61 and 60
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percent of data from the no-till and conventional fields, respectively. This issue was
largely resolved by exchanging solar charged batteries with batteries charged from a
generator on cloudy days and wiring additional solar panels as the project progressed.
Field Measurements/Data Acquisition
Field measurements are continuously recorded by the CR23X datalogger on each BR
unit, which is programmed to execute and store the measurement of environmental
conditions by peripheral sensors at 30 second intervals and report data as 5-min averages.
The CR23X program also prompts the rotation of the station arm at 5-min intervals
corresponding to the averaged sensor output measurements, switching the upper and
lower positions of the shielded sensors located at the terminal ends of the station for each
data collection period. The shielding of the sets of sensors protects them from direct
sunlight and most wind currents to minimize the introduction of weather related errors in
the automated measurements. The sensors located within each shielded unit are a Vaisala
HMP45-C temperature and relative humidity probe, a thermistor for increased
temperature accuracy and verification, and an SBA-4 CO2 gas analyzer for the
measurement of CO2 concentrations. Samples for the SBA-4 are collected by channeling
the ambient air through a motorized fan to a gas inlet tube mounted on the perpendicular
arm leading to the SBA-4 panels mounted on the central tripod of the BR unit. An NRLite net radiometer was mounted on a post adjacent to the main unit approximately 2m
above the soil surface and above the maize canopy. The no-till BR unit was also
equipped with an SBA100 atmospheric pressure sensor.
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Figure 2. Setup of the BR unit in the no-till field showing sensor arms to the left of the
tripod opposite the net radiometer, the battery, and the solar panel.
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The CR23X on each BR unit also controls measurements taken by sensors buried
below the soil surface near the central tripod, including a RebsG soil heat flux plate at
0.06m, three type-T thermocouples 0.02 m, 0.04 m, and 0.08 m, and a Watermark-200
soil moisture probe at 0.3 m below the soil surface. The continuous measurements taken
by the BR units are designed to provide the required variables needed to calculate the
energy balance of each field: atmospheric pressure, relative humidity (RH), CO2
concentration, latent and sensible heat flux, soil heat flux, and soil water content.
Data Processing/Analysis
Errors in flux measurements calculated using the BREB method are common,
particularly when the value of the Bowen ratio, β, approaches -1. These errors can result
in the calculation of unrealistically high absolute values for other constituents of the
energy balance, or flux values with the wrong sign (indicating the wrong direction for the
conditions). The energy balance is heavily dependent on the differences measured
between the upper and lower sensor positions, such that it is easy to obtain false or
irrelevant numbers if there is very little deviation between the measured temperatures,
vapor pressure, and/or CO2 concentrations at each height. The combination of absorption
and diffusion of radiation by water droplets makes measurements taken during periods of
high relative humidity invalid as well. This results in the loss of large sections of data
over time. The loss of so much data has guided researchers to develop a variety of gapfilling strategies which can be chosen to approximate the missing data based on the
patterns of flux observed during periods of viable data collection (Guo et al, 2007).
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The criteria used to evaluate the raw data obtained from the micrometerological
towers is sufficiently strict to impose large percentages of data loss even when not under
power restrictions (Table 6). Data screening criteria for energy balance datasets are
generally directly related to the specifications of the sensors used (Perez et al, 1999).
During precipitation events, when RH is extremely high, and during nighttime hours, the
dispersion of energy by water vapor causes the temperature and pressure gradients and
flux to be poorly represented and BR measurements and data must be rejected. Initial
data screening consisted of the removal of data for which the vapor pressure difference
|∆e|<0.02 kPa and if temperature difference|thermistor ∆Θ |<0.02 K (or |vaisala ∆Θ|<0.2
K during intervals when vaisala temperatures were necessary to compute ∆Θ, such as
during a period of days when one of the thermistors reported readings on the order of
10oC difference from the other three air temperature sensors). The initial data screening
that presented the greatest obstacle to analyzing trends in data from each of the two fields
is the most crucial element for calculating CO2 flux; that is, the rejection of data where
|∆CO2|<4 ppm, which unfortunately occurred infrequently during the acquisition of
daytime values when net radiation (Rn) and soil heat flux (G) are both positive
(conditions optimal for calculation of energy balance terms).
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Table 6. Initial data loss by sensor performance and resolution limits.
No-till

Conventional

RH>0.9

12.2%

8.3%

|∆e|<0.02 kPa

43.9%

52.3%

|thermistor ∆Θ |<0.02 K

3.1%

10.6%

|vaisala ∆Θ|<0.2 K

70.3%

72.5%

|∆CO2|<4 ppm

82.5%

93.1%
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The initial data screening process resulted in the availability of only between 0.9
percent and 21.9 percent of collected data for calculation of β and the loss of more than
96 percent of data required for CO2 flux calculations. The range of temperature and
vapor pressure gradients observed over the course of data collection were |thermistor ∆Θ |
< 8.0 K and |∆e| < 0.4 kPa. The severity of data loss due to the initial screening led to
the reconsideration of utilizing screening processes structured around sensor limitations
or set β intervals in favor of satisfying sign conventions for the energy balance equation.
High variation in the |CO2| was observed between the right and left sensors across both
brief and extended time intervals, which resulted in an extremely large range of
calculated flux values over the short term. Averaging of highly negative and highly
positive flux values obtained over 30 minute intervals resulted in more reasonable data;
however, the high standard deviations of the data and the fact that the average values
being similar to those found by calculating the differences were calculated between
measurements taken by the same sensor at the upper and lower positions over the course
of a 10 minute interval (rather than the difference between the two sensors in the upper
and lower positions over 5 minutes) prompted the use of the two averaged of flux values
calculated separately from each sensor to minimize concerns about the sensitivity of the
instruments. Using this methodology, data were only screened to satisfy the requirements
determined by sign conventions as set forth by Perez et al (1999), where ∆e + γ∆T/ Rn- G
must be positive. This provides the opportunity to screen for β values approaching -1
using a variable rejection window, where β must be greater than -1+|ε| or less than -1-|ε|
in order to be accepted, dependent on whether ∆e and Rn-G are positive or negative. The
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variable ε in this equation is determined by the formula 0.019/∆e. Using only this data
screening process, data loss from the no-till field dropped to 20 percent and data loss in
the tilled field dropped to 55 percent.
The calculation of β was performed using data gathered by the shielded sensors at
the terminal ends of the rotating station arm and the measured atmospheric pressure
following (Equation 1) below.
Equation 1
β= (Pb Cp ∆Θ)/( λ ε ∆e)
where Pb = actual pressure from barometer (kPa), Cp= specific heat capacity of air
(1004.67 J kg-1 K-1), λ= latent heat of vaporization of water (2.45 x 106 J kg-1), ε = ratio
of molecular weights of air and water (0.622), ∆Θ is the difference between potential
temperature at the lower and upper sensor arm heights, and ∆e is the difference between
vapor pressure at the lower and upper sensor arm heights. Sensible and latent heat fluxes
can be determined using the calculated value of β and the measured Rn and G values
(Equation 2) and (Equation 3).
Equation 2
λE= (Rn – G)/(1 + β)
where λE= latent energy/latent heat flux (W m-2), Rn= incoming net radiation (W
m-2), and G = soil heat flux (W m-2).
Equation 3
H = Rn – G – λE
where H = sensible heat flux (W m-2).
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Equation 4
Kh = (H/ρaCp)( ∆z/∆Θ)
where Kh = turbulent diffusivity for sensible heat (m2 s-1), ρaCp= volumetric heat
capacity of air (1200 J m-2 K-1), ∆z= sensor separation distance (1.5 m). We can assume
Kc [turbulent diffusivity for CO2 (m2 s-1)] = Kh and calculate CO2 flux using (Equation 5).
Equation 5
A = Kc (∆ρc/∆z)
where A = CO2 flux density (kg m-2 s-1), ∆ρc= difference in CO2 density (g m-3)
measured at the two sensor heights. Finally, this value is corrected for temperature and
vapor pressure densities, yielding a final CO2 flux (Acorr, reported as kg m-2 s-1)
calculation.
Equation 6
Acorr = A + (ρc/ρa)(0.649 x 10-6 λE + 3.358 x 10-6 H)
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Chapter 4
Results and Discussion
Data loss resulting from power failure and sensor malfunction affected large
portions of the collection period, particularly because of weather conditions. The
accuracy of the Vaisala RH probes was sometimes questionable, as there were recorded
precipitation events throughout the data collection period during which the extremely
high relative humidity was not reflected accurately by the RH probes (values of around
0.9 and sometimes lower were observed). This is assumed to be due to the temperature
and atmospheric pressure sensitivity of the sensors since measured values for RH did
reach 0.99 during data collection, though mainly resulting from cooler temperatures
during the nighttime. Consequently, RH data were rejected if measured RH≥0.9 to avoid
invalid data recorded during precipitation events or around dewpoint.
CO2 flux patterns in the no-till field during the warm season show net negative
flux (influx) of atmospheric CO2 into the system during daylight hours when
experiencing positive net radiation and soil heat flux, with the largest values for influx of
gaseous CO2 being reported during periods of peak incoming radiation. Levels of CO2
flux ranged between 1.5 and -1.5 mg m-2 s-1 early in the year as the maize crops were
approaching maturity (Figure 3). Between 24-Feb and 28-Feb 2011 (Julian DOY 55 –
DOY 59) averaged CO2 flux 30-min values regularly peaked between -1.1 and -1.4 mg
m-2 s-1, with the highest recorded 30-min CO2 influx value being -2.1 mg m-2 s-1 after
midday on DOY 55 between 13h30 and 14h00 (Figure 4). During the same data
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collection period CO2 efflux values peaked during nighttime hours but were relatively
low, with the highest recorded 30-min averages barely reaching 0.1 mg m-2 s-1.
CO2 efflux values in the tilled field between 13-Nov and 20-Nov 2011 (Julian
DOY 317 – DOY 324) peaked between 0.1 and 0.2 mg m-2 s-1 during nighttime hours
(excepting an outlier of 0.7 mg m-2 s-1), which is less than the peak efflux from the no-till
field of 0.2 to 0.4 mg m-2 s-1 (also disregarding an outlier of 0.9 mg m-2 s-1). Values of
CO2 influx mirrored the efflux trends in terms of scale, with net influx of between -0.1
and -0.2 mg m-2 s-1 in the tilled field and between -0.2 and -0.3 mg m-2 s-1 in the notill
field. The net influx of CO2 may be higher in the no-till field as a result of lower levels of
soil respiration under no-till in combination with similar levels of CO2 assimilation by
both the tilled and no-till maize crops.
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The influx of CO2 into each system was highest during periods of high incoming
radiation, usually between 13h00 and 14h00 (Figure 5). This corresponds to the
assumption of a high daytime CO2 assimilation rate by the maize plants. Some data
surrounding sunrise and sunset were rejected because of inversion conditions as well as
the delay in response of air temperature and soil heat flux to changes of incoming net
radiation (Figure 6). The lag in response time can result in false values for sensible and
latent heat flux, which vary in direct relation to incoming net radiation and soil heat flux.
The partitioning of energy fluxes in the maize cropping system tends more towards
sensible than latent heat flux over the course of the study period, with sensible heat flux
accounting for nearly all of the incoming radiation (Figure 7); however, much of the data
analyzed was collected during periods of decelerated or no crop growth, and it is
hypothesized that the partitioning of fluxes will tend more towards latent heat flux in
early crop growth stages.
Planting for the 2011-2012 crop growth season took place on November 24th,
2011. CO2 flux densities on the 26th of November may indicate a higher respiration rate
of germinating seeds in the no-till field as compared to the plowed field (Figure 6, Figure
7); both fields displayed highly variable data with unexplained influxes of CO2 during
daytime hours, but measured efflux values were higher overall in the no-till field. Both
the no-till and tilled field exhibited a net influx of CO2 directly after sunrise on the 27th of
November, with data indicating efflux between 1.6 (no-till) and 0.5(till) mg m-2 s-1 as Rn
values increased towards midday.
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A precipitation event occurred near sunset, and because of inversion conditions
the flux values of CO2 shown are uncertain (Figure 8, Figure 9). The following morning
(November 28th), there was a slight release of CO2 from the tilled field (Figure 10) and a
large release of CO2 from the no-till field following sunrise (Figure 11), which may be
presumed to be the result of seed respiration, which has been reported between 2 and 8
µL CO2 hr-1 seed-1 within the first days of germination even following long-term storage
(Woodstock and Grave, 1967). After the initial release, both fields exhibited variable
levels of CO2 flux tending towards an unexplained net influx in the tilled field; whereas
relatively high levels of net efflux observed in the no-till field, particularly as compared
to the previous days where there was less available soil moisture, support the
presumption of seed respiration during germination.
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Chapter 5
Conclusions
The limitations of the BREB method under extreme climatic conditions and in
remote locations makes drawing firm conclusions difficult without further data
collection. Inconsistencies in the periods of available data collected between the two
fields make it impractical to compare daytime or nighttime averages using statistical
analysis procedures, so that any trends observed were not tested mathematically. Despite
the absence of a large, long-term data pool, it is possible to see indications of trends in
the short-term datasets that point to a greater magnitude of CO2 influx into the no-till field
when compared to the field under conventional tillage reflected by generally lower values
for Acorr in the no-till field; however, these trends can be difficult to identify and accept
as valid trends because of the high fluctuation of values for Acorr from both fields. The
data also support previous studies that have shown no-till to be beneficial for soil thermal
conductivity, which was reflected by higher soil heat flux values observed in the
conventional tillage field. Part of the high variation in data may result from relatively
large changes in incoming net radiation during daytime hours, which may have been the
result of interference with the instrument or simply meterological factors. Data
surrounding precipitation events is scarce, but the micrometeorological units have
recently been equipped with backup power systems and a tipping bucket rain gauge so
that carbon dynamics resulting from rainfall can be better characterized as data continues
to be collected.
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Table A- 1. Raw data collected from the no-till field at Maphutseng on the 19th of November, 2011.
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Table A- 2. Energy balance values calculated from raw data collected from the no-till field at Maphutseng on the 19th of
November, 2011
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